Bacteriorhodopsin (bR) has a retinal with all-trans and 13-cis, 15-syn configurations whose isomeric ratio is close to 1 in the dark-adapted bR, and the population of the 13-cis, 15-syn configuration can be increased under pressure. In our previous study, we applied pressure to bR using centrifugal force introduced by sample spinning and demonstrated that the 15 N nuclear magnetic resonance (NMR) signal intensity of the Schiff base in 13-cis, 15-syn retinal increased. In this study, we demonstrate a pressure-induced change in the local dynamics of the protein side in the vicinity of retinal. In the 13 C dipolar decoupling and magic angle-spinning NMR spectra of [3-13 C]Ala-labeled bR under fast spinning at 10 and 12 kHz, corresponding to 44 and 63 bar, respectively, the 13 C NMR signal at 16.6 p.p.m. appeared prominently as a sharp peak. This peak is assigned to Ala81 and Ala84 residues located in the vicinity of the retinal. It was observed that the change in the local dynamics in the vicinity of the retinal was caused by the applied pressure. These experiments demonstrate that fast magic angle spinning in NMR provides a pressure source for investigating the structure and change in the dynamics of biomacromolecules.
INTRODUCTION
Solid-state nuclear magnetic resonance (NMR) spectroscopy can provide detailed information regarding the conformation, orientation and dynamics of insoluble biological macromolecules such as membrane proteins and fibrils without an upper limit of molecular weight. [1] [2] [3] [4] [5] Consequently, solid-state NMR is directly applied to understand the native state of biological macromolecules under ambient conditions. Furthermore, the solid-state NMR method is able to be combined with thermodynamic perturbations such as temperature and pressure to investigate how the structure and dynamics of biological macromolecules are related to their functional states. Therefore, we performed solid-state NMR studies by applying pressure as perturbations to a sample. 6, 7 Recently, we developed in-situ photo-irradiated solid-state NMR to induce the photo excitation and efficiently detected the photo-activated intermediate of a photoreceptor protein. 8 Bacteriorhodopsin (bR) in a purple membrane (PM) of H. salinarum reveals a light-driven proton pump during the photoisomerization of retinal. 9 The all-trans and 13-cis, 15-syn retinal configurations in the dark-adapted bR coexist in an isomeric ratio close to 1. 10, 11 Interestingly, the all-trans state only shows light-driven proton pump activity. [12] [13] [14] The population of the 13-cis, 15-syn retinal in an inactive state increases under pressure with a negative change in molar volume, as reported by various groups. [15] [16] [17] Pressure effects on bR in the dark have suggested that the isomer equilibrium constant of the all-trans to 13-cis, 15-syn states decreases via two processes that induce different negative changes in molar volume upon the application of pressure. 17 The first process, which occurs at 10 MPa, may be caused by the change in the conformations of functionally important residues, such as Tyr185 and Asp212 in the vicinity of retinal. We have also observed the pressure-induced isomerization of retinal from the 15 N NMR signals of the protonated Schiff base in retinal using fast magic angle-spinning (MAS) experiments. 6 MAS can eliminate the chemical shift anisotropy when the sample rotation axis is inclined 54.71 to the external magnetic field and the spinning frequency of the rotor is larger than the chemical shift anisotropy. 18, 19 We observed that sample spinning generates pressure for the fully hydrated sample as a function of the square of the rotor-spinning frequency and radius because the centrifugal force is divided by the wall area of the rotor. Pressure-induced protein structure, cell-volume changes, pharmaceutical samples and rubbers have all been characterized using fast MAS techniques. [20] [21] [22] [23] [24] [25] In this study, we demonstrated that the significant changes in the dynamics of protein induced by fast sample spinning occur in the vicinity of retinal. In our previous studies, we assigned the major signals observed for bR by analyzing the associated local conformation and dynamics using a site-directed solid-state NMR approach. 26, 27 In particular, we observed that the 13 C NMR peaks were well-resolved for the fully hydrated [3- 13 C]Ala and [1- 13 C] Val-labeled bR, depending on their locations and characteristic local dynamics and conformations. 28, 29 In addition, we simultaneously observed two NMR signals of Tyr185 at 177.7 and 173.4 p.p.m. in the vicinity of retinal corresponding to the all-trans and 13-cis retinal configurations in the dark-adapted bR as disclosed by REDOR-filtered 13 C NMR spectra. 7 The results showed that the signal intensity at 173.4 p.p.m. for the 13-cis, 15-syn retinal state increased considerably with the long accumulation time under the MAS condition, which is related to the large population of the 13-cis, 15-syn configuration in pressure-adapted bR. Therefore, in this study, we used [3- 13 C] Ala-and [1- 13 C]Val-labeled bR in PM and investigated the protein structure and changes in the dynamics of pressure-adapted bR.
MATERIALS AND METHODS
Halobacterium salinarum S9 was grown in synthetic medium featuring [3-13 C]-L-Ala and [1-13 C]-L-Val to yield stable isotope-labeled bR in PM. PM was isolated by the standard method described elsewhere 30 and suspended in 5 mM HEPES buffer containing 0.02% NaN 3 and 10 mM NaCl at pH 7. The hydrated sample was collected by centrifugation and packed in a 4.0-mm o.d. zirconia rotor for the fast magic angle-spinning experiments. The sample rotor was tightly shielded by a Teflon cap and glued to the rotor with Araldite Rapid to prevent the dehydration of the pelleted sample. 13 C high-resolution solid-state NMR spectra were recorded on a Chemagnetics CMX-400 infinity FT-NMR spectrometer, operating at 100. 16 MHz for carbon nuclei, equipped with a 4.0-mm double resonance MAS probe. Cross polarization magic angle spinning (CP-MAS) with a variable amplitude contact pulse of observed nucleus and single-pulse excitation with dipolar decoupling and magic angle-spinning (DD-MAS) experiments were performed. The spinning frequencies were set in the range from 4 to 12 kHz in 2 kHz steps, and the 901 pulse length for the observed carbon nucleus was 5.1 ms. Variable amplitude CP-MAS with TPPM decoupling was used with a 10.0 ms phasemodulated pulse train for proton decoupling. 31 The 13 C contact and repetition times were set to 1 ms and 4 s, respectively. 13 C chemical shifts were externally referenced to 176.03 p.p.m. for the carbonyl carbon of glycine from TMS.
Ambient conditions were used for the MAS experiment at 4 kHz, and the probe temperature was set to 20 1C. After performing the measurements under the pressure induced by the fast spinning at 12 kHz, the NMR spectrum at 4 kHz was quickly collected again. The sample temperature was increased by friction under the fast sample-spinning conditions. Temperature was measured within the rotor by monitoring the 207 Pb chemical shifts of lead nitrate. 32 
RESULTS AND DISCUSSION
To verify the conformation and changes in the dynamics of the protein side under the pressurized condition, we compared the NMR spectrum of the dark-adapted bR at the initial MAS-spinning frequency of 4 kHz with that of the pressure-adapted bR at the same spinning frequency immediately after the fast-spinning experiments. In a previous study, we observed the same 15 N NMR signal intensities of the Schiff base in the dark-adapted bR owing to the coexistence of all-trans and 13-cis, 15-syn retinal configurations at 4 kHz. 6 When the MAS frequency was increased to 12 kHz, the 15 N NMR signals showed large broadening. Immediately after the measurement at an MAS-spinning frequency of 12 kHz, we recorded the NMR spectrum at 4 kHz again. The 15 N NMR signal intensity of the 13-cis, 15-syn retinal observed at a MAS-spinning frequency of 4 kHz clearly increased compared with the initial signal intensity. Thus, the retinal configurations in bR indicate that it takes 60 h for the pressure to reach equilibrium in the fast MAS experiments, and we can distinguish pressure-adapted bR from dark-adapted bR. 7 The pressure applied to the sample packed in the 4 mm rotor at an MAS-spinning frequency of 12 kHz was calculated to be 63 bar along the inner rotor wall according to the following equation:
where r, n and r are rotor radius, MAS-spinning frequency and sample density, respectively. Figure 1 shows the 13 C DD-MAS NMR spectra of [3-13 C]Alalabeled bR at spinning frequencies of 4, 6, 8, 10 and 12 kHz in the dark and the spectrum obtained at 4 kHz after the fast-spinning frequencies were applied. Interestingly, in the spectra obtained under the fast-spinning frequencies of 10 and 12 kHz, the 13 C NMR signal at 16.6 p.p.m. appeared prominently as a sharp peak (Figure 1d and e) . This signal indicates a component of the pressure-adapted bR, because the signal was sufficiently retained at 4 kHz after releasing the pressure at the spinning frequency of 12 kHz (Figure 1f ). This newly apparent signal corresponds to the change in the all-trans to 13-cis, 15-syn retinal configurations because of fast MAS. Using sitedirected A81G and A84G protein mutants, we assigned this peak at 16.6 p.p.m. to Ala81 and Ala84 near the Schiff base and the extracellular side in the 13 C CP-MAS NMR spectra. 33 Therefore, this DD-MAS signal at 16.6 p.p.m. was assigned to the Ala81 and Ala84 residues in the vicinity of retinal and indicates fast molecular motions induced by an applied pressure of 44 bar. Therefore, it is suggested that this component at 16.6 p.p.m. is caused by high populations of 13-cis, 15-syn retinal in pressure-adapted bR. Fast MAS also generates increased sample temperature owing to heating by friction between the rotor and air. Thus, we measured the sample temperature within the rotor under the corresponding fast MAS conditions by monitoring the 207 Pb chemical shifts of lead nitrate ( Figure S1 in Supporting Information). We observed that the sample temperature increased from 20 to 40 1C at a MAS frequency of 12 kHz. Therefore, the temperature increased to 40 1C because of the sample spinning at 12 kHz. The NMR signal of the C-terminal a-helix of Ala228 and 233 at 15.9 p.p.m., which was used as a temperature indicator, slightly shifts to lower values with increasing MAS frequency in the same manner as the temperature variation. 34 After fast sample spinning, the signal of the C-terminal a-helix returned to its initial position at 15.9 p.p.m. at 4 kHz (Figure 1f) . However, the pressure-induced peak at 16.6 p.p.m. (Figure 1d-f) did not appear when the sample temperature was set to 40 1C. However, the retinal isomeric ratio in the dark-adapted bR did not change upon the variation in temperature, as was revealed in the 15 N CP-MAS NMR spectra of [z- 15 N]Lys-labeled bR ( Figure S2 in Supporting Information). Thus, the retinal isomeric ratio is insensitive to the variation in temperature, as has been reported in other studies. 15, 16 Therefore, the increase in pressure is owing to fast-MAS-induced changes in dynamics at around Ala81 and Ala84, together with retinal isomerization from all-trans to 13-cis configurations. Figure 2 shows the 13 C CP-MAS NMR spectra of [3- 13 C]Ala-labeled bR at 4, 6, 8, 10 and 12 kHz. At 10 and 12 kHz, the changes in the spectral pattern may be due to increased temperature, because similar NMR spectra have been observed at elevated temperature. 34 After the fast-spinning experiments, the 13 C CP-MAS NMR spectrum of pressure-adapted bR at a MAS-spinning frequency of 4 kHz remained mostly unchanged compared with that of dark-adapted bR at 4kHz. The only change observed was the reduction in the peak intensity at 16.6-16.8 p.p.m. (Figure 2f ). These peaks are also assigned to Ala81 and Ala84 located near the retinal ( Figure S3 in Supporting Information). In fact, the peak position of this reduced peak consists of the newly appeared peak associated with the pressure effect in the DD-MAS NMR experiments (Figure 1) . Thus, these results indicate that the dynamics of the Ala81 and Ala84 residues were enhanced when the bR in PM was pressurized by fast sample spinning. To detect the effects of pressure on global protein conformations in bR from the narrow resolved signals of [1- 13 C]Val-labeled bR, the spectral patterns of pressure-adapted bR were also compared with those of dark-adapted bR. Figure 3 shows the 13 C CP-MAS NMR spectra of [1- 13 C]Val-labeled bR at 4, 6, 8, 10 and 12 kHz. These spectral patterns, between the dark-adapted and pressureadapted bR at 4 kHz, remained almost unchanged (Figure 3a and f) . Thus, it was determined that the pressure-induced structural changes mainly appeared in the vicinity of retinal in bR.
In this study, we demonstrated that this 13 C NMR peak of [3- 13 C]Ala-labeled bR in hydrated PM clearly appears at 16.6 p.p.m. and that the dynamics associated with this phenomenon were dramatically enhanced by the all-trans to 13-cis, 15-syn isomerization of retinal with the increase in pressure in fast MAS experiments. 6 As a result, the equilibrium constant of the all-trans to 13-cis, 15-syn reaction in the dark-adapted state of bR decreased. Moreover, it was Bacteriorhodopsin and fast magic angle-spinning NMR I Kawamura et al confirmed by extraction techniques and absorption spectroscopy performed over a range of low to high pressure that the equilibrium constant of the all-trans to 13-cis, 15-syn isomerization decreased because of two processes that induce changes in molar volume in the dark. [15] [16] [17] As the population of 13-cis, 15-syn increased with pressure, the dynamics of the Ala81 and Ala84 residues in the vicinity of retinal increased the signal intensity at 16.6 p.p.m. Therefore, we concluded that the change in the dynamics of the residues was coupled with the change in molar volume. The locations of internal water molecules in the vicinity of retinal were determined, and the formation of a hydrogen-bond network featuring retinal, Asp85 and some residues via water molecules was observed to be correlated with proton pump activity. 9, 35 As the hydrogen-bond distance between H and O (HO) in the protein structure changed upon the application of pressure, inducing changes in molar volume, the volume change induced by pressure was attributed to hydration. 36 It is concluded that the hydrated condition of bR was retained, as evidenced by the unchanging line widths (Figures 1-3) , while the NMR signals of bR dehydrated by lyophilization were clearly broadened. 37 It is suggested that the pressure caused by the fast MAS experiments induces the isomerization of retinal and modulates the hydrogen-bond network in bR, and consequently, a change in the motion of the residues located in the vicinity of retinal is induced. The change in the local dynamics in the vicinity of retinal is closely related to the conformational change of Tyr185 in bR, as observed by solid-state MAS NMR. 7 The effects of pressure on the change in the dynamics of bR appeared even in the low-pressure range of fast MAS. It is stressed that two retinal isomers, all-trans and 13-cis, 15-syn configurations, coexist in bR in a population ratio close to 1, leading to the conclusion that both isomers have the same energy levels. This property induces structural and dynamical changes in bR, even for low-pressure changes. It should be noted that fast MAS NMR can be used to detect the equilibrium states of molecules for which high-pressure NMR spectroscopy 36 is typically utilized, because an accurately recorded pressure is applied to samples along the internal wall of the rotor by fast spinning at controlled MAS frequencies and using a large rotor diameter. The pressure applied by fast MAS contributes to the clarification of functional protein states, such as those of membrane proteins.
CONCLUSIONS
We have shown that fast MAS experiments can be used to detect noticeable pressure effects on biomacromolecules at low pressures and investigate changes in conformation and dynamics. Pressure induced by fast MAS frequencies reduced the equilibrium constant of the alltrans to 13-cis, 15-syn isomerization of retinal and induced a dynamical change in site-directed residues in the vicinity of retinal in bR. It is concluded that this dynamical change was caused by the effects of pressure in the vicinity of retinal in bR. Val-bR at MAS frequencies up to 12 kHz in the range from 4 to 12 kHz in 2 kHz steps (a-e). After fast sample spinning at 12 kHz, the 13 C CP-MAS NMR spectrum was recorded at 4 kHz (f).
